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Abstract

The recent discovery of episodic slow slip and tremor in sidhidn zones has provided the
geophysics community with observations of previously sognized styles of fault slip. Because
slow slip events increase the stressing rate on the loclashi®genic) portions of major subduc-
tion zones worldwide, they are garnering attention as arpiatéy important tool for assessing
seismic hazards in the US and elsewhere. There are many Wwggmerating slow slip events in
models of rate- and state-dependent friction, and at lbast thave been proposed: (1) “Standard”
steady-state velocity-weakening friction on a fault whizseyth is properly “tuned”; (2) inelastic
dilation of fault gouge with increasing slip speed, accomed by pore pressure reduction and dif-
fusive recovery; and (3) a transition from steady-statesigy weakening to velocity-strengthening
behavior at an appropriate slip speed. A discusseldudyin[2008], mechanism (1) requires rather
severe tuning of the fault length, at least for the frictiawlIconsistent with the most relevant low-
temperature lab experiments. Mechanism (3) has some tieadriistification, but not a lot of
supporting lab data for silicates yet. Here we explore meigma (2). Dilatancy is a very attractive
mechanism for generating slow slip because, based on tifatedata, it is expected to dominate
rate-and-state friction at the low effective normal stesssferred for slow slip source regions.

We use a simplified “membrane diffusion” approximation fare fluid flow, where it is as-
sumed that the fault plane is bordered by a low-permealgibtyge zone in which the pore pressure
varies linearly from its on-fault value to its far-field va&uPore pressure in this formulation is gov-
erned by two dimensionless parameters: The ratio of thestiade for fluid diffusion across the
low-permeability layer to the timescale for porosity ches@n the fault surface (itself tied to the
timescale for changes in state), and a parameter that gotleenamount of dilation for a given
change in state. The first ratio determines the extent tolwthie fault behaves as drained (no pore
pressure change) or undrained (no fluid flow) during changgmrosity, while the second mea-
sures the magnitude of the frictional strength change dypete pressure changes, relative to that
due to rate- and state-dependent friction changes, undieammed conditions. We find that for lab
values of the governing parameters, and pore pressuresewi &Pa or less, dilatancy stabilizes
slow slip well into the region of parameter space where slifhe absence of dilatancy would have
been dynamic (and in fact out to the largest fault sizes we leen able to simulate). We find
also that the recurrence interval of slow slip events, blytaondimensionalized, increases with
fault size following the same trend as in the absence ofatilat (but extended to much larger fault
sizes). An analytical approximation for the maximum sligeg@ as a function of the fault size and
governing parameters matches the numerical simulatiorig veell.

In parallel with this, | have been working with Paul Segalb&inford University on numerical
simulations that use true homogeneous diffusion, whichuimerically much more demanding
than membrane diffusion. Qualitatively the simulationtdnee similarly. Using a linear stability
analysis for the homogeneous diffusion case, we obtainatyiécal expressions for the critical
stiffness and period of oscillation at neutral stabilityheEe can be used to map values of the
governing parameters for homogeneous diffusion onto thosenembrane diffusion, and vice
versa.



1. Introduction

Recently observed episodic slow slip events (SSE), somestiatccompanied by deep low-
frequency tremors, in shallow subduction zones [eHiyose et al, 1999; Dragert et al, 2001;
Lowry et al, 2001] have been proposed to occur along subduction plegdanes in the vicinity
of highly elevated pore fluid pressure. Several lines of enak, including deep metamorphic
dehydration encountered by subducting slabs, and seigisalty inferred highv, /v, and high
Poisson’s ratios, suggest the presence of near-lithodhaitl pressure at the source areas of SSEs
and non-volcanic tremors.

Numerical simulations in the framework of rate- and statépehdent friction have demon-
strated that short-period aseismic deformation transieah emerge spontaneously when fluid
pressure is near lithostatic around the friction stabtligysition Liu and Rice 2005, 2007Shibazaki
and Shimamot®007;Rubin 2008]. Applying temperature-dependent wet graridiafpied et al,
1998] and gabbrd{e et al, 2007] rate and state friction parameters in a 2-D subdoetsthquake
model with the “aging” version of evolution lavitiu and Rice[2007, 2009] produced episodic
SSEs where the velocity-weakening fault length under highly elevated pore pressure is too
large for steady sliding but insufficient for dynamic ingtays;, the fault response is determined
by the ratio betweeml” and the critical nucleation size€*. The detailed definition of* will be
described in the next section. Such numerical simulati@msproduce spontaneous SSEs with
aspects, such as recurrence period and cumulative slipatbaimilar to field observations. All
the above numerical studies have assumed effective notraas®on the fault to be a time-invariant
property during the slow slip sequences. However, both fabskervations and numerical calcu-
lations suggested that fluid pressure on the fault has muttreice on the occurrence of SSEs
and tremors. In particular, the proposed high fluid presssrprecisely the condition for which
Segall and Ric§1995] suggested that fault stabilization by induced surcfrom dilatancy during
increased shear rates becomes most important.

Sufficiently compact granular material dilate as they bdgishear. After a certain amount
of deformation, a critical state is reached where porosity pore pressure are constagthofield
and Wroth 1968]. For fluid-saturated materials, pore expansion rggult in a reduction in pore
fluid pressure and an increase in effective normal stresis. dilatancy-strengthening process has
been suggested to play a role in inhibiting rapid defornretiof landslides [e.glyverson et al.
2000], glacier basal sedimentslarke 1987;lverson et al, 1998] and fault gouge$/arone et al,
1990; Lockner and Byerleel994]. Sleep and Blanpiefll992] presented quantitative models of
earthquake cycles, in which pore pressure increases dwggapmpaction during the interseismic
period until a Coulomb slip condition is satisfied, followegddrapid slip event (model earthquake)
with pore pressure dropping to the initial level due to difaty. Sleep[1995] improved the model
by including the explicit instability condition for combaa slip weakening, frictional dilatancy and
shear heating induced thermal pressurizat®ib$on 1973;Lachenbruch1980;Mase and Smith
1987]. Segall and Ricg1995] incorporated both processes of dilatancy and ponepeation into
the rate and state friction model, to understand the canditfor unstable slip on saturated fault
gouge. They assumed that the actively slipping zone is bedday a less permeable layer within
which pore pressure varies linearly from the level on thppshg interface to the ambient level
in the surrounding rock mass. This is called the “membrafffesion” (or “lumped reservoir”)
approximation, previously used udnicki and Chen1988] in an analysis of laboratory ex-
periments. Linearized perturbation analysis of a singigrde-of-freedom spring-slider model at
steady sliding shows that slip is always stable when thectfe normal stress is smaller than a



threshold which is determined by the fault gouge frictioaatl hydraulic propertiesSegall and
Rice 1995]. The higher the pore pressure on the sliding interfdte more important dilatancy
is in stabilizing slip. Taylor and Ricg[1998] first included dilatancy in a 2-D subduction fault
model with rate and state friction to study its effects ortlegwake rupture in the radiation damp-
ing approximation Rice 1993]. They found that quasi-dynamic seismic rupture sloewn or
even stops near where effective normal stress is lower tieann the seismogenic zone; without
dilatancy seismic slip of several meters would occur whieegfault breaches the surface.

Building on Taylor and Ricg1998], Liu and Rice[2005b] andSegall and Rubirp2007], in
this study we analyze the conditions for spontaneous gfesitd aseismic transients on a fluid-
infiltrated subduction fault including dilatancy and po@paction, with the “membrane diffu-
sion” approximation. We show, with a Cascadia-like subdurctault model, that episodic aseismic
transients can exist for a much broader rang&gf* due to dilatancy stabilization. The cumu-
lative slip per episode and the recurrence period of mod8®Hs are comparable to those at the
saméellV/h* without dilatancy. They further follow the approximateigear trend of increasing pe-
riod with W/h* beyond the aseismic-seismic boundary that is defined inbdkerece of dilatancy.
In contrast, the maximum slip velocity during SSE episodas loe several orders of magnitude
smaller than those at the saié h* without dilatancy. Furthermore, the difference in maximum
velocity among calculations with different dilatancy dogénts becomes more significant at large
W/h*. Due to the effective stabilization at near-lithostatiegfiuid pressure, we expect aseismic
slips to appear for even infinitely largé&’/h*, given appropriate frictional and hydraulic parame-
ters.

2. Constitutive models
2.1 Rate and state friction

We use a single-state-variable form of the rate and stgtertent friction law, in which the
frictional resistance is a function of the sliding velocity” and the state variable In particular,

r=ar=6-n[nran (i) +om ()] ®

where effective normal stressis the difference between the normal stress applied on thieda
and pore pressune a andb are rate and state friction parametérgjs a reference velocity and.

is a characteristic slip distance over which state evolygss a nominal friction wherl/ = 1} at
steady state. In this study, for computational conveniene@ise the “aging” state evolution law,
which permits friction to evolve even on stationary corgact

@_1_V9
dt d.’

(2)

The steady state frictiofy; = fo+ (a — ) In(V/V}) is reached whefi = 6,, = d./V. The consti-
tutive parameters andb are interpreted as the instantaneous chang¢saimd f, respectively, in
response to a velocity step:= V(9 f/0V )inss anda — b = V (dfss/dV'). Fora — b > 0, the slid-
ing surface is steady state velocity-strengthening ampdsktable. For. — b < 0, the interface is
steady state velocity-weakening and unstable slip is plesgihen, for a single-degree-of-freedom
spring-slider system subject to small perturbations fre@ady sliding, the spring stiffnegss less
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Figure 1:Geometry and: — b distribution for the 1D spatially periodic fault model. TFault is locked at-8W <
¢ < 0, velocity-weakening ab < £ < W, velocity-strengthening 8" < ¢ < W”’, and loaded by a constah},; at
W' < &< W' +8W. W/W = 4 for most simulation cases if not otherwise stated- b linearly increases from
-0.004 to 0.012, and = 0.034 is uniform betweer) < £ < W'.

than the critical stiffness.. = (b — a)/d.. A critical cell sizeh* is defined by equating.. to the
effective stiffness: = ~u//h at the center of a crack of length Thus

* ,u’dc
Here,y is a model-dependent constant of order unity; 2/7 when using the cellular basis set for
slip on a crack that is not too close to the surfacRioe[1993]. /.’ is the effective shear modulus
(' = p for anti-plane strain ang /(1 — v) for plane strain deformation, wheteis Poisson’s
ratio); wep = 30 GPa and’ = 0.25. In the definition ofh*, we use the average valge— a) over
a fault length wheré — o depth distribution is not uniform.

2.2 Governing equations for the fluid

We follow Segall and Ricg1995] andTaylor and Ricg1998] in the treatment of pore fluid
diffusion and pore compaction associated with frictionletion. For the 2-D model considered
here, we assume that fluid (water) flux is limited to the dimtt perpendicular to the fault and
that there is no flux in the directignparallel to the fault (Figure 1). The conservation of fluidssa

implies that

dGm ~ Om
a_C T 0, (4)

wherem is the fluid mass per unit volume of rock, afg is the fluid mass flux per unit area. Fluid
flux is related to the pore pressure gradient via Darcy’s law:

pk Op
m = 5 5
q T (5)

wherep is the fluid densityx is the permeability for diffusion normal to the fault ands the fluid
viscosity. The rate of fluid mass change can be written as

om ¢ dp 0T | 10y
En qb + Por pﬁ( +A—+

ot ot B ot
where porosity is the volume ratio between the pore space and the referemspasite and’ is
temperature3; = (1/p)(dp/0p)7 is the isothermal fluid compressibility, = —(1/p)(0p/07),
is the fluid expansion coefficient at constant pressgge= (1/¢)(0¢/0p)r is the elastic pore
compressibility andy, = (1/¢)(0¢/0T ), is pore expansion coefficient. Parametérand A are

(6)
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defined as? = ¢(Gr + 5s), A = (v — v7)/(Br + B,). Here, the change in porosity is written as
the sum of a plastic componefi; and an elastic component, which is related to the changes in
and7 via 3, and~, respectively.

Substituting (5) and (6) into (4), we get the pore pressuffeigion equation with a source
term from the plastic porosity change and temperature ahang

0*p op OT\  10¢y
%?_<E+AE>BaW (7)

wherec = k/(n3). In the following analysis, we neglect thi#gZ /ot term as the temperature
variation during slow slip events is considered to be smiatir the flux normal to the fault, we
make the “membrane diffusion” approximation so that equeafi’) can be written as

Op _ p—po 109y
ot B oot ®

Heret, = nﬁdf,/n is a characteristic time fgp to re-equilibrate with its ambient valyg. As
discussed irSegall and Ricd1995], this approximation is appropriate when the sligpaone

is bordered by a layer of thickness less permeable than either the slipping interface or the
surrounding rock mass, and times are long compared to thesglifi time across that layer.

We model the dilatancy term following the analysis $teep[1995] andSegall and Rice
[1995], which build on observations from fault gouge fristiexperiments at room temperature
[Marone et al, 1990]. The plastic component of porosity is assumed tovevalith the state

variablef as Vg
o= n—etn (7). ©

c

whereg, is a reference porosity ands the dilatancy coefficient. Equation (8) then becomes

@_ p—po €1db

ot &, podi

(10)

The rate and state friction law (equations (1) and (2)) amé poessure evolution (equation
(10) are implemented together with the quasi-dynamicielesliation between shear stress and slip
distributions on the fault, to solve for the history of sliplocity, shear stress and pore pressure on
the modeled fault in earthquake cycles including slow slipnés. A radiation damping term that
is dynamically correct in instantaneous response and idymiog quasi-static long-term response
is introduced followingRice[1993] andLapusta et al[2000].

2.3 Nondimensional parameters

As is evident from equation (10), two competing factors cointhe rate of pore pressure
change. The first is the rate at whiplcommunicates withy, at the characteristic diffusion time
scalet,. The second is the rate at whiplchanges due to the opening or closing of pore spaces
as the state variableevolves at the time scale /V,,. V,, is sliding velocity at steady state. The
drainage of the sliding interface is thus characterized bgradimensional parameter

T = tp/(de/Vis)- (11)
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WhenT < 1, the fault gouge is nearly drained, and there is no changeiie pressure. When
T > 1, the system is approaching an undrained condition, ane fisamro change in fluid mass.
On a completely drained faujtinstantaneously re-equilibrates with; solutions to the coupled
equations are essentially the same as those to the systaouttilatancy.

By comparing théMlarone et al[1990] laboratory data to their simulations based on thevabo
analysis,Segall and Ric§1995] estimated the dilatancy coefficiento be1.7 x 10~* for quartz
sand under drained conditions. Recently, velocity-stegfriction experiments were conducted on
various gouge layer compositions, including angular qusaihd, kaolinite gouge, Westerly granite
gouge and clay-rich materials from ODP leg 118ainuelson et gl2008]. Early results from the
clay-rich ODP gouge indicate a trend @flecreasing with the normal stress. Estimated dilatancy
coefficient is within the range df)—° to 10~#, consistent witl inferred from previous experiments
[Marone et al, 1990;Lockner and Byerleel994]. Bulk compressibilitys [= ¢(5; + 5,)] can
be estimated following the choices 8egall and Ric§1995]. Take water compressibility; ~
5 x 10~* MPa™!, elastic pore compressibility, ~ 10~ MPa! for crystalline rocks that are
more representative of fault gouge at seismogenic deptitsadow porosityp = 0.05 due to
greater densification at depths caused by solution trahapdrmineralization processes, the bulk
compressibility is3 ~ 5 x 10~* MPa!. We note that and 3 enter equation (10) only through
the ratioe/3, which has the unit of pressure. Therefore, in the followdadculations, instead of
specifying individual values of and 3, we only specify /3, in the vicinity of 0.34 MPa based on
the above estimates.

Including the pore pressure change with slip, we can write fieak-to-residual stress as
ATPTT = oA fPTT — foApP~" and the total stress drop (difference between initial arstdrel
stresses) ad 7" = oA f" — foAp—". For a hypothetical velocity jump frori; to V5 asso-
ciated with an expanding nucleation zone, the maximum pocé&a during the state evolution
process on a completely undrained fault is

ApP™" = (/) In(V2/ V1), (12)

when slip is significantly larger tha#y.. Following the approximations ok [~ ~ b In(V5/V])
andA f" ~ (b—a)a, In(Vy/Vy) appropriate for large velocity jump&[bin and Ampuet®005;
Ampuero and Rubir2008], the above two stress drops can be written as

ATPTT = bao(1 — E) In(Vy/ V1), (13)
and ’
AT m bog(1l — a/b— E)In(Vy/ V), (14)
where the nondimensional parameter
E = fo(e/B)/(bd0) (15)

measures the relative contributions from pore suction aotdn evolution.

Before performing numerical calculations, some aspecth®fmucleation process with di-
latancy can be predicted based on the above equations. When 1 — a/b, pore pressure
changes are irrelevant because the stress drops are dethinathe friction evolution term. When
1 —a/b < E < 1, dilatancy might inhibit nucleation by decreasing the natbal energy release
rate even though the fracture energy is still dominated bysthess drop due to friction. In the case
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of a completely undrained fault as shown in equations (18)(&4), the total stress drop becomes
negative which predicts no instability. Whén > 1, if T is sufficiently large that the fault is
effectively undrained at seismic slip rates, then porequreschanges will be certain to impede the
nucleation, which may develop into slow slip events rathantearthquakes.

The above arguments show that dilatancy has several apgeadtiibutes for promoting the oc-
currence of slow slip events. First, with certain degreerafrthge (roughly speaking,/(d./V) >
1) the nondimensional parametércontrols whether the nucleation can develop into a dynamic
rupture or a slow slip event. Near-lithostatic pore pressarthe slow slip source region implies
large £/, and would help to promote slow slips. For example, if we tsde representative values
fo=06,e=17x10"*% 3=5x10"*MPa!, b= 0.006 as inferred bySegall and Ric§1995],
a0 < 33 MPawill resultinE > 1. Second, whetty > 1 is satisfied, slip velocity during the slow
slip events can vary several orders of magnitude betweegmpaimately,V,, andV,,, (dynamic
slip rate), as the drainageé = t,/(d./V') varies withV".

3. Simplified spectral model

To investigate the effects of dilatancy on aseismic defoionaransients, we first study the
contributions of various parameters in a simplified modaltfthat is locked foK < 0 and loaded
with a constant raté/, for ¢ > W’, as shown in Figure 1. Rate and state friction is applied
on0 < & < W', where slip is velocity-weakeningi(— b < 0) on0 < ¢ < W and velocity-
strengtheningd — b > 0) on W < ¢ < W'. Specifically,a — b linearly increases from-0.004
to 0.012,b = 0.034 andd. = 0.04 mm are uniform betweefi < ¢ < WW’'. Results based on a
more realistic Cascadia-like 2-D subduction fault with depariable friction parameters and free
surface effect will be presented in the next section.

Several length ratios shown in Figure 1 are of different etd relevance to the simulation
results. First, the fault lengths of the “locked” and “lodtgparts have very minor effects, as
verified numerically, when they are much larger tH&nh We use8IV for both segments in the
spatially periodic model. Second, as pointed outRubin[2008], the ratiol¥”’ /IV continues to
influence the results even when it gets sufficiently largeahse the enforced =V, at§ > W’
introduces a discontinuity in velocity gradiedt/d¢ at¢ = W', which has no counterpart in
nature. Among the numerically calculated physical praperiV’ /T has relatively small effects
on the sliding pattern (i.e., stable, periodic, or unstpaie the maximum velocity during aseismic
slip events.W’ /W has a more significant influence on the recurrence intervasefsmic events,
but to the first order that can be accounted for by its influemtéhe steady slip speéd, at a
representative point withiid” (e.g.,1¥/2). Rubin[2008, eqn. 22] showed that for infinitely locked
and loaded regions aridl’ /W > 1, the steady slip speed at the centeFlofis

\/5 W 1/2
vssz—(W) v, (16)

™

and recurrence period varies inversely with this. For W’/W = 4 used in this study};, ~
0.23V,; at§ = W/2 is used in the definition df' (equation 11).

Finally, we learned from 2-D subduction fault simulatioh$u[ and Rice 2007] that the ra-
tio between the length of the fault that slides at velocigakening under extremely high fluid



pressure at the critical nucleation size, namely
w - aW <b — CL> o)
h* 2u'd, ’
also affects the fault response. A&/ h* increases, fault slip proceeds from steady state, to simple
periodic, to complex periodic or aperiodic, to seismic. \Wew that, in addition to parametefs

andT that are directly related to the pore pressure evolutidih* continues to be an important
factor in determining the fault response.

(17)

3.1 The effect oflW/h*

For the simplified spectral model, the averdage a over W is (b — a) = 0.002. We keep
W = 20 km andd, = 0.04 mm in all simulations and vary, to achieve a wide range &% /hr*.
For exampleg, = 0.6 MPa results in¥//h* ~ 23.5.

For selected combinations of dilatancy paramet@rand 7', Figure 2 summarizes (a) the
maximum slip rate, normalized by, during episodes of modeled SSEs, and (b) the recurrence
period, defined as the interval between two adjadént. peaks in time domain, as functions of
W/h*, compared to calculations without the dilatancy effect. Where pressure is assumed to
be time-invariant (black solid dots), similar to the resultLiu and Ricg2007] andRubin[2008],
simple periodic oscillations witlv,,., > V), start to appear atl’/h* 2 3, followed by “period
doubling” oscillations (two dots at oné’/h*) for W/h* ~ 16. The difference betweeW,,,, of
two events in one “period doubling” episode increases Withh*. The vertical dashed line at
W/h* ~ 24 represents the “abrupt” jump from aseismic to seismic sltps, and is approximately
(12/7%)[b/ (b—a)]h*, similar to that estimated ubin[2008] with W’ /IV = 5 and linear gradient
ina/b.

Open symbols represent calculations including the ditataaffect. We choose three sets of
parameters:E = 1, T = 0.23; E = 1, T = 0.046; and £ = 0.1, T = 0.23, to investigate
how different combinations of dilatancy and diffusion paeders affect the process. A general
observation from all the dilatancy calculations in Figufa)2and (b) is that aseismic oscillations
now exist over a much broader rangel®f h*. For all the three sets of parametelrs,,, remains
less than10V},, up to W/h* ~ 70, the largest in our calculations to maintain a resolution of
Ly/AE = (1/d./bay)/AE > 3 (most cases have the ratio between 5 and\g);is grid spacing.
We expect that/,,,,, remains aseismic for sufficiently larger valueslofi*, when E andT are
both of order 1. AtW/h* < 23, slow slip events produced with the inclusion of dilatanppear
as simple periodic or periodic doubling episodes, with $weiiations inV,,,, and7,,.. V,,.. iS
generally slower than those with constant/},,., atW/h* = 23.5, E = 1 andT = 0.23 is nearly
one order of magnitude smaller. At/h* > 23, V,,., andT,,. continue to increase, with much
greater variation ranges at ealdfy h*.

3.2 The effects of and T’

Figure 3 shows the variation of maximum aseismic slip vé&yoand recurrence period with
(£ = 1fixed) andE (T' = 0.23 fixed), respectively, atV’/h* = 23.5.

ForT' < 1, fluid pressure quickly re-equilibrates with the ambiemeleand thus the fault
response approaches that of the no-dilatancy situatiofrigare 3(a), the smallegt = 0.0023
case produces period doubling aseismic sequences, withigheand low velocities at8V,; (=
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Figure 2:(a) Maximum slip velocityV,,,... (normalized byl/,;) and (b) recurrent period.,. as a function of¥/h*

for simulation cases with (open symbols) and without (blsalid dots) dilatancy. Several combinations of nondimen-
sional parameterg andT" are chosen in the dilatancy cases: red cirdles- 1, T' = 0.23; blue diamonds¥w = 1,

T = 0.046; green triangleE = 0.1, T = 0.23. (c) T,,. normalized by neutral stability peridfl,;(E, T, a/b), for
fixed E = 1 anda/b = 0.94. Open cyan hexagrams represent cases in Figure 3(c). Satiema hexagrams are the
same cases but with adjustdd/h* according to equation (18). (d) Same as in (c), but the variah F; T = 0.23
anda/b = 0.94 are fixed.W/h* for the dilatancy cases in (b) are also adjusted to plot i) (d).
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2.12 x 10~® m/s) and5.2V,; and recurrence periods of 0.80 and 0.63 yr, respectivelgs&lare
very close to the velocities d9V,,;, and5.7V,, and recurrence periods of 0.81 and 0.64 yr, for the
samelV/h* = 23.5 but without dilatancy. A4’ increases toward 1, the averagg,, decreases
while the recurrence period remains relatively constarttis behavior can be explained by the
amplitude and duration of pore suction and the followingokexy stage. Figure 4(a) shows the
change in effective normal streass = —(p — py), normalized by the initiab,, at{ = W/4, for
sequences of aseismic events modeléd gt 1. At 7" increases from 0.0023 to 0.23, the deviation
of & from its ambient level becomes higher and takes longer st Smaller/,,,,... is resulted
when the fault slips at a higher. However, due to the compensating effects of smaller viloci
and longer sliding duration, the recurrence period remegfegively constant fofl” < 1.

ForT" > 1, the fault zone is considered nearly undrained so that pargon remains for a
much longer duration than the state evolution time, andrgjidelocity approaches steady state.
In Figure 3(a),V,,.... (for the velocity-weakening zone) approaches its steaalg stalue ofl/;, ~
Va/3 até = W. Figure 4(b) shows\a /g, for several cases witl' > 1. The amplitude ofA&
does not change much @sincreases from 1.15 to 3.45, but the duration whas off its ambient
level becomes longer for largét. Thus, although the variation in velocity is nearly neddigi at
T > 1, sliding at velocities higher thavi for longer durations will result in larger cumulative slip
that implies a longer recurrence period. This explains ticesiase i, for 7' > 1.

Considering the dilatancy effe@egall et al[2010] derived the critical stiffness.. and neu-
tral stability periodT,,,; as functions of parameters andT’, using linearized stability analysis for
a single-degree-of-freedom spring-slider system. Theadical solutions predict that fat = 1
anda/b = 0.94 as in the simulations of the left column in Figure 3, the ndipedl critical stiffness
kdilat [ drain quickly drops from 1 to nearly 0 &5 increases from 0.1 to 10@d%at / kdrain — ()05
atT = 20. Thus, for the particular parametefsanda/b, the equivalentV/h* = Wk, /(y1')
decreases &5 becomes larger than 0.1, resulting in a decreasing ratigpf 7,,; for I’ > 0.1 as
shown in Figure 3(c). As a correction, for each simulatiooveh in the left column of Figure 3,

we calculated the equivaletiti’/ ) using the proportionality
<W/h*>dilat kdilat
<W/h*>drain - k»gl:ain
As shown in Figure 2(c), each open cyan hexagram origindithyed atlV//h* = 23.5 is adjusted
to a smaller equivalerit’/h* and is represented by a solid magenta hexagram. The ladjast-a
ment from (1W/h*)drain = 23.5 to (W/h*)4t ~ 3.3 occurs for the largest’ ~ 7. We can see
from Figure 2(c) that the adjustdd,. /7, versusi¥/h* for choices ofl’ over three orders of mag-
nitude agrees very well with the trend defined by the no-dilay and limited selections of( T)

simulations. Adjustments to the dilatancy cases as showigure 2(b) and (c) are negligible due
to the smalll” < 0.23.

(B, T,a/b). (18)

The effects of parameter (1" = 0.23 fixed) are similar to that of parametér. For £ < 1,
bothV,,., andT,,. approach the values without dilatancy because the poréaustnegligible
compared to the initiak,. The averagé/,,.. decreases ak increases toward 1, as higher pore
suction is induced by larger porosity changes (Figure 4@pPcurrence period remains relatively
constant forF < 1 due to the compensating effects of smaller velocity andéostiding duration.
T, increases witlZ > 1, as the increase in event duration becomes much more dontizarthe
small variations in sliding velocity. The increaseff,. with £ can be approximately adjusted by
the neutral stability period’,, as opposed to the decreasing trend in Figure 3(c), becausaef
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fixedT' = 0.23 anda/b = 0.94 the variation of critical stiffness witl is very small. For example,

kdilat [drain ~ () 83 at E = 50. As a result, the adjustments|iti/n* are relatively small as shown
in Figure 2(d). The adjusted..,./T,,s versusiV/h* still agrees well with the trend defined by the
no-dilatancy and limited choices of/(T) cases.

4. 2-D subduction fault model

In this section, we investigate the effect of dilatancy awdepcompaction on a 2D fluid-
infiltrated subduction fault. The fault model is set up sary to that inLiu and Rice[2007,
2009], and is summarized here in Figure 5. We simulate thestfault by a planar frictional
interface in an elastic half-space, with a 2-D plane strasuanption. As a simple representation
of the northern Cascadia shallow subduction geometry, thie d@s at a constant angle ®£°.
¢ now starts from the trench and aligns with the down-dip dicec Rate and state-dependent
friction is applied on the interface fro= 0 to £ = W’ = 300 km. Further down-dip the fault is
loaded by a constant plate convergence tate= 37 mm/yr. Friction parameters, a — b andd,
are functions of the down-dip distan€eand are invariant with time. For simplicity, we consider
the elastic effect of slip on changing only the shear stregsation in effective normal stress
being the result only of fluctuation in pore presspre

Friction experimental data for gabbro under hydrothernzaidstions have recently been re-
ported byHe et al.[2007]. A tentative application of the gabbro data, as trst §et available for
a reasonable representation of the seafloor, to a Caschkediadbduction fault model can produce
slow slip events with surface deformation similar to thobsarved by GPS stations, while models
using the wet granite dat&8[anpied et al. 1998], which, for lack of a suitable alternative, has
been the basis for most previous calculations, result imapeor fit [Liu and Ricg 2009]. Thus,
in this paper, we apply thele et al.[2007] gabbro friction data in the 2-D fault model. Using a
Cascadia subduction zone thermal profifegcock et aJ.2002], the temperature-dependent b
is converted to be depth-dependent as shown in the top pakéjure 5(b). Sed.iu and Rice
[2009] for detailed discussions of the choiceaof b and application in the 2-D subduction fault
model. In the velocity-weakening regime,— b remains as a constant ef0.0035 to ~ 95 km,
followed by a gradual transition to velocity-strengthepat~ 180 km.a — b is about 0.005 at the
down-dip end of the modeled fault” = 300 km. Direct effecta is assumed to increase linearly
with the absolute temperature: = 5.0 x 107°(7 + 273.15), following an Arrhenius activated
process at asperity contacts on the sliding surf&ied et al, 2001]. « is also converted to be
depth-dependent using tReacock et al[2002] thermal profile.

The down-dip distribution of initial effective normal st®s, is determined following the
discussion of along-dip elevated fluid pressuré.imn and Rice[2009], and an example is shown
in the middle panel of Figure 5(b). Near the surface and intrpast of the seismogenic zone,
pore pressure is assumed to be the maximum between the hydrostatic pee$SiivPa/kmk =
and 28[MPa/kmk 2 — o.ss; 0.5y is a constant level of effective normal stress at depth,rtaise
50 MPa in this paper. The low effective normal stress zonergld some distance up-dip/{
and down-dip from the friction stability transition, apprmately consistent with the seismically
inferred depth range of near-lithostatic fluid pressureartimern Cascadiadudet et al. 2009]. &
resumes t@.;; = 50 MPa down-dip tdV’ = 300 km.

Similar to that in the simplified spectral modél;/~* as defined in equation (17) is an impor-
tant parameter that determines whether the system cangeaeilf-sustained aseismic oscillations.
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Figure 5:(a) Two-dimensional subduction fault model. The thrusttfeusimulated by a planar frictional interface
dipping at12° in an elastic half-space is distance along down-dip direction. Rate and state érictipplies from
surface§ = 0to & = W’ = 300 km, with depth-variable friction parameters. Fault is leddy a constant plate rate
Ve = 37 mm/yr down-dip from¢ = W', Properties are uniform along the strike directiofperpendicular ta — =
plane). Bold red line represents the velocity-weakenindt faf length 13 up-dip from the stability transition under
low effective normal stress. Friction parameter b, effective normal stress and characteristic evolution distange
down-dip distributions using the gabbro friction data drewsn in (b). (b) Down-dip distributions of friction paraneet
a — b, initial effective normal stress, and characteristic evolution distanéefor models using gabbro friction data.
Temperature-dependemt- b from He et al.[2007] experiments are mapped to be depth-dependent usiageadia
thermal model byPeacock et al[2002]. Lower friction stability transition is at 180 km. IV is the distance up-dip

from stability transition with lowg.
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(b — a) is the averag® — a over . For thea — b distribution shown in Figure 5(b), model pa-
rameterdV, o, andd, in the low effective normal stress zone are related via egun#8). We first
chooséll that is in a reasonable agreement with the petrologicaltyseismically estimated ex-
tent of near-lithostatip region. That is a few tens of kilometers up-dip from the digkransition.
For each fixedV, (b — a) is thus determineds, andd, are then varied accordingly to result in a
range oflV//h* that allow quasi-periodic aseismic events. On the restefdhlt,d. is uniformly

7T(b — a)mmé'ohz‘)

dc = 2#’ ) (19)

where (b — a),q.. = 0.0035 is the maximum velocity-weakening value, ahglis a fixed factor
(16 in all calculations) times the computational grid siaessure computed results are free from
grid discretization effect. In the example shown in Figu@e)5/ = 40 km, d. = 0.2 mm in the

ao = 2.5 MPa zone such that’/h* ~ 16. d. = 13.74 mm elsewhere on the fault.

4.1 2-D results without dilatancy

A general fault response to the above loading conditionsnandel parameters is that mega-
thrust earthquakes rupture the entire seismogenic zomg feve hundred years, and quasi-periodic
aseismic transients, mostly limited to within the l@gwy zone, appear every a few years in the
interseismic period.

Four groups of calculations with” = 35, 40, 50 and 55 km are performed in the range of
W/h* = 6 to 16, which allows spontaneous aseismic transients. Tieesentative properties
of transients: maximum slip velocity,,.., slip 6 at the center o#// accumulated whef,, .
exceed2V,,;, and recurrence peridfl,,., vary significantly for a wide spectrum of choicesléf,
low 7y andd.. The general trend is that all three properties increask With*, which has also
been observed from calculations using the wet graniteidniatiata Blanpied et al. 1998], and is
shown in Figure 7 (solid gray symbols) for reference. At tamslV/h*, variations with different
choices ofiV are relatively large, compared to those using the granita, deecause the velocity-
weakening: — b follows a gradual increase to neutral stability over thereréngth ofl1/. Detailed
discussions of modeled transient properties and compaascalculated surface deformation to
GPS observations in northern Cascadia can be fouhdiiand Rice[2009].

4.2 2-D results with dilatancy

The introduction ofF’ andT” adds to the vast parameter space that needs to be explored to
model the properties of slow slip events. In this paper, weeaisonstantl’ = 40 km, which, in
combination with appropriate choices @f andd,, has been shown to produce surface deforma-
tions in reasonable agreement with GPS observations imewriCascadialju and Rice 2009].
Furthermore, with the knowledge that fault response appres the non-dilatancy situation at
T < 1 and steady state @t > 1 (Figure 3), we focus on the intermediate degree of drainige,
is, T of order unity.

Figure 6 shows sequences of slow slip events for 100 yealsnatite interseismic period,
using parameterdl/ = 40 km, 6o = 2.5 MPa andd, = 0.2 mm (thusW/h* ~ 16), as shown
in Figure 5(b), ande/3)/a = 0.04 (¢/8 = 0.1 MPa andE' = 0.63 in the low g, zone). Two
megathrust earthquakes occural24 yr and 655 yr, with the maximum seismic velocity about
0.1 m/s (not shown here). In the interseismic peribg,, oscillates betweefy,, and the peak
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aseismic rate of 10V,,;, which is nearly 3 orders of magnitude smaller than its cerpdrt without
dilatancy. The middle panel shows shiat the center ofi” accumulated during each episode when
Vimaz €Xceed2V,. The bottom panel shows the recurrence peflpgl, defined as the interval
between two successive events whén, reaches the peak values. The moderate variations in
andT,. are due to the interseismic strength evolution, includvig@ion of pore pressure, in the
low & zone and up-dip in the nearly locked zone. From the selentedsieismic time windows that
are free of the earthquake nucleation and postseismicatiexeffects, we make the histograms
of 6 andT.,., identify their maximum likelyhood values and record thexmsaum and minimum

of each property as its variation range.
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Figure 6:Spontaneous short-period slow slip events in a 100-yrsatemic period, using gabbro friction data. Initial
& andd.. distributions are shown in Figure 5(b). In the léw= 2.5 MPa zone, dilatancy parametets = 0.1 MPa
(thus(e/B)/a = 0.04), corresponding to open red diamond®fh* ~ 16 in Figure 7), drainagd” = t,/(d./Vss) =
0.23. (Top) Maximum slip rate. (Middle) Cumulative slip at thenter of velocity-weakening lovs, zone, when
Vinaz > 2Vp. (Bottom) Recurrence interval.

Using constani’’ = 40 km andT" = 0.23, three groups of calculations witta/3) /5, =
0.02, 0.04 and 0.1 in the low, zone, corresponding to an average= 0.31, 0.63 and 1.57
respectively are summarized (open diamond symbols) inrEigu Outside the lows, zone, a
uniforme/g = 0.1, 0.2 and 0.5 MPa is used, respectively, so that the influenoe éarthquakes
is roughly the same. For reference, solid gray symbols sgreresults from calculations without
dilatancy; spontaneous aseismic events are present hthirangdl’/h* ~ 6 to 16 [Liu and Rice
2009]. For each group gk/3)/a, (constantt), 6, andd.. are varied according to equation (17)
to result inWW/h* ~ 8, 12.8 ... 48. The cumulative aseismic si@nd recurrence period.,.
both increase with//h* (Figure 7(a) and (b)), following the trend of the non-dilats situation.
The lower limit of IW//h* for the onset of spontaneous aseismic transients is sfitgrger in the
dilatancy situation due to its stabilizing effect. Dranatifferences exist in the maximum velocity
reached during transients. For example, without dilataiigy, quickly approaches seismic rate
(> 1073 m/s~ 10°V},) asW/h* increases toward 16, whilg,,,. is less than 0?V,; at the same
W/h* with dilatancy. The stabilizing effect is more prominenti&gh* increases beyond the no-
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dilatancy boundary; a@t/’/h* ~ 32, V,,.. = 1028V, for (¢/3) /5o = 0.02 and V.. ~ 10"V, for
(e/B)/ao = 0.1. For the smalle/3) /o = 0.02, logy(Vinaz/ Vi) approximately follows a linear
increasing trend witi’/h*, which is supported by, ~ 5x 107° m/s~ 10*°V,,; atW/h* ~ 64
(not shown in Figure 7). Following such a linear trend, sédésrate can be reached 8f/h* ~ 80.
The rate at which/,,,. increases withi¥/h* becomes smaller for largée/3)/co. In particular,
for calculations with the same/3) /o, (e.g., 0.1), théog,((Vyna/Vpi) versusiW/h* trend appears
to approach a plateau, indicating aseismic slip at infipitedge 1///h*.

Figure 8 illustrates the slip velocity and pore pressurdwgian during one modeled transient
event, with dilatancy parametefs= 1.0, (¢/3)/ao = 0.04 in the lows, = 2.5 MPa andi, = 0.2
mm zone. Only the depth range involved in the transient sliplotted. The friction stability
transition is at down-dip 180 km, and the law zone extends from 140 to 215 km. A major
nucleation front first appears at down-dip170 km and migrates up-dip within the lowzone
long before the maximum velocity is reached. A secondaryeation front, with smaller velocity
and slower down-dip migration speed, shows up when the nmajoleation front has reached
down-dip ~ 155 km. After the two nucleation fronts merge and reach a mara velocity of
~ 2.5 x 107® m/s, slip propagates in both up-dip and down-dip direct@osg the fault. The up-
dip propagation continues for a short distance before ibanters the abrupt increasedp = 50
MPa; meanwhile the down-dip propagation extends to thdlgyatransition before the velocity
decreases to be aroum}. Both the propagation speed and sliding velocity are coaigaralong
the up-dip and down-dip directions, suggesting approx@ésatess drops associated with the slow
slips. The general feature of pore pressure variation, @esented byAc = —(p — py) in Figure
8(b), is very similar to those of slip velocity evolution ia)(as the change inis directly related
to the change in state variable by equation (10). Along thnracleation front, pore pressure
drops as the fault slips faster due to the increased porasityinsufficient fluid supply in the
corresponding state evolution time scale to refill the por@s the nucleation front passes by
and velocity returns to the level nedy;, we observe a transient phase of pore pressure rise of a
smaller amplitude because the magnitude of the velocitp ds@maller than that of the velocity
rise associated with the nucleation front. Along the dowmpdopagation front, pore pressure drop
and rise are of the similar amplitude £ 0.05 MPa), as a result of similar magnitude of velocity
increase and subsequent decrease.

5. Conclusions

Frictional and hydraulic conditions for spontaneous as&sleformation transients are ana-
lyzed on a fluid-infiltrated fault including dilatancy andrpaompaction in the framework of rate-
and state-dependent friction, with the “membrane diffoS@pproximation.

Using a simplified model fault which is locked at one end aratied with a constant rate at
the other end (the locked and loaded segments are much ltragethe part where rate and state
friction applies), we found that with dilatancy aseismiartsients can exist beyond the aseismic-
seismic boundary that is defined in the absence of dilatafleg. ratio between the length of the
fault that slides at velocity-weakening under high fluidgsere and the critical nucleation patch
sizeW/h* continues to be an important parameter. Simple periodigpgeloubling, aperiodic
aseismic oscillations appeard§ h* increases. Both the transients maximum slip velocity aed th
recurrence period increase withi/h*, with the more significant variations at largéf/h*. Two
other important parameters are (I)= t,/(d./Vss), the ratio between the characteristic diffusion
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Figure 7: Exploration in the parameter space, using gabbro frictiatadshows that cumulative slip, recurrence
interval and maximum velocity of modeled SSEs all increage W /h*. Solid gray symbols represent simulation
cases usin@l’ = 35, 40, 50 and 55 km, respectively, without dilatancy effectriference. Open diamond symbols
are cases using a fixd®f = 40 km, drainagel’ = 0.23 and different dilatancy parametefs/3)/a = 0.02 (black),
0.04 (red) and 0.1 (blue), corresponding to an aver@ge: 0.31, 0.63 and 1.57, respectively, in the lawzone.
Variations ind, T.,. andV,, ., for each case, as shown in Figure 6, are represented by ersr band7,,. are
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Figure 8:(a) Slip velocity and (b) pore pressure, representechby= —(p — pg), during a modeled transient event,
usingW = 40 km, low s = 2.5 MPa andd. = 0.2 mm (W/h* ~ 16). Dilatancy related parameters de= 0.23,
(¢/B)/a = 0.04 (E = 0.63) in the lows zone, and/3 = 0.2 MPa at depths with high = 50 MPa. Vertical dashed
line points the position of velocity-weakening to strerggiimg stability transition.
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time scale for pore pressupeon the sliding interface to equilibrate with its ambientdeand
the state variable evolution time scale at steady statewgland (2)E = fo(¢/3)/(ba,y) which
measures the relative contributions to the peak-to-resistuess drop from pore suction and from
friction evolution. We showed that parametdrsand £ have similar effects on the maximum
velocity V,,., and recurrence period.,. of modeled aseismic transient$’,,,, decreases a§

or I increases toward 17.,. remains relatively constant faf" (or £) less than 1, due to the
compensation effects of smaller velocity and longer stdituration. T, increases fofl” (or E)
greater than 1, as the pore suction amplitude remains neamistant but for a longer duration. The
variation of7,,. with 7" and £ can be explained the analytical neutral stability pefiggdthat is
derived for a single-degree-of-freedom spring-slidetesyswith dilatancy.

Using a Cascadia-like 2-D subduction fault model with the eatd state frictional properties
measured for gabbro gouges under hydrothermal conditiwasshowed that episodic aseismic
transients can also exist for a much broader rangd/¢f* due to dilatancy stabilization. The
cumulative slip per episodeand the recurrence peridd,. of modeled transients are comparable
to those at the samié’/h* without dilatancy. They further follow the approximatelpéar trend
of increasingd and7;,. beyond the aseismic-seismic boundary defined under thelataty
condition. In contrast),,., during transients can be several orders of magnitude snthba
those at the samB//h* without dilatancy. The difference ii,,,., becomes more significant at
largeW/h*.
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